
Persistent Energy Harvesting in the Harsh Desert Environment 

using a Thermal Resonance Device: Design, Testing, and 

Analysis 

Anton L. Cottrill,1 Ge Zhang,1 Albert Tianxiang Liu,1 Azamat Bakytbekov,2 Kevin S. Silmore,1 

Volodymyr B. Koman,1 Atif Shamim,2 and Michael S. Strano1,* 

1 77 Massachusetts Ave., Department of Chemical Engineering, Massachusetts Institute of Technology, Cambridge, 

MA, USA 

2 IMPACT Lab, Computer, Electrical and Mathematical Sciences & Engineering Division King Abdullah University 

of Science and Technology, Thuwal 23955-6900, Kingdom of Saudi Arabia  

*Corresponding author’s email address: strano@MIT.edu 

To be submitted to: Applied Energy 

 

Highlights  

• Thermal resonators can harvest energy from ambient thermal fluctuations. 
• Device design is optimized in a given environment according to theory. 
• Thermal resonators performed well in harsh desert environment. 
• Experimental results corresponds quantitatively with theory. 

• Phase change materials with high thermal effusivity boosts resonator performance.  
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Abstract 

Thermal fluctuations in the environment are a ubiquitous, yet untapped energy source for harvesting. Our 

laboratory has introduced the concept of a thermal resonance device for this purpose, with potential to 

power wireless sensor networks (WSNs), devices embedded into structural elements, and electronics 
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deployed in relatively inaccessible areas. This approach has particular advantages for the desert 

environment, where conventional energy harvesting devices are severely confounded by frequent 

sandstorms, extreme temperature and high solar fluence. Herein, we design, fabricate, and test a thermal 

resonator for the conversion of diurnal temperature fluctuations to electrical power in a harsh desert 

environment using a thermally conductive phase change composite as a high thermal effusivity material, 

specifically tuned to the temperature fluctuating environment of Thuwal, Saudi Arabia (22.3095o N, 

39.1047o E). The composite consists of a highly porous and thermally conductive nickel foam 

impregnated with eicosane as a phase change material for enhanced thermal capacity. The high thermal 

effusivity material is incorporated into a rationally-designed thermal resonance device, which is tested for 

a period of two weeks in Saudi Arabia, extracting as high as 2 mW from approximately 10 oC diurnal 

temperature fluctuations. These experimental data provide a test of the theoretical model for the design 

and operation of the device. Overall, these results highlight the opportunity of employing thermal 

resonance devices for energy harvesting, particularly in the desert environment. 

1. Introduction   

There has been increasing research interest in energy harvesting mechanisms from the ambient 

environment[1]. Applications include small-scale energy scavenging for electronic devices, including 

wireless systems, or higher power harvesting to feed the electrical grid[1]. Large-scale applications for 

contribution to utility-scale micro or macro grids often harvest from the mechanical motion associated 

with wind[2] or waves[3], from solar radiation with traditional photovoltaics[4], concentrated solar 

power[5], concentrated photovoltaics[6], or concentrated solar photovoltaics plus thermal[7], and from 

the thermal gradients associated with geothermal[8] or ocean thermal energy conversion (OTEC)[9]. 

Energy harvesting for small-scale electronics also relies on traditional photovoltaics[10, 11], as well as 

solar thermophotovoltaics[12], for harvesting from solar energy. Other forms of energy harvesting for 

small-scale electronics include mechanical energy harvesting using piezoelectrics[10, 13, 14] and 

triboelectrics[15], radio frequency energy harvesting[10, 13, 16], chemical energy harvesting,[17, 18] 



solvent adsorption energy harvesting,[19, 20] and thermal energy harvesting using thermoelectrics for 

static temperature differences in space and pyroelectric materials for transient temperature fluctuations in 

time[10, 13, 14, 21]. Despite this progress, methods for energy harvesting in remote locations with harsh 

environmental conditions for the powering of small electronics, such as wireless sensor networks 

(WSNs), remain limited. Herein, we apply a thermal energy harvesting concept recently developed[22] in 

our laboratory – a thermal resonance device – in a harsh desert environment in Saudi Arabia for energy 

harvesting from diurnal temperature fluctuations. Such thermal resonance devices are ideally-suited for 

harvesting in a harsh desert environment due to both the environment’s magnitude and consistency of 

diurnal temperature fluctuations, as well as the durability of the harvesting mechanism. The device is 

specifically constructed in terms of geometry and materials’ design for optimal operation in the Saudi 

Arabian environment based on previously published analytical theory. The device is tested over 

approximately two weeks and compared with analytical and numerical models for predicting device 

performance. 

Energy harvesting is an appealing solution for a variety of self-powered micro-systems, such as wireless 

sensors, implanted biomedical devices, embedded structural devices, and military monitoring devices[23]. 

The application of energy harvesting towards the powering of WSNs is arguably the most intriguing, with 

applications including environmental, agricultural, military, healthcare, and structural health 

monitoring[24]. WSNs have very few infrastructural requirements, and they employ small, often 

inexpensive low-power sensor devices with limited processing capabilities to gather information in a 

particular environment in a coordinated and flexible manner[25]. The WSN industry has been 

progressively moving towards applications (e.g., environmental and structural health monitoring) where 

sensors may be embedded in structures and/or existing in remote locations with quite harsh environmental 

conditions for significant periods of time[26]. In these scenarios, replacing or recharging a typical 

standalone, portable battery may be impractical or impossible[26]. Therefore, energy harvesting has been 

a major focus of the industry for extending the lifetimes of WSNs in such applications and environments, 



as energy harvesting from the ambient environment essentially results in a sensor node with an “infinite 

lifetime”[26]. The development of energy harvesting techniques that do not necessarily require direct 

solar exposure and with significant thermal, mechanical, and chemical durability are of substantial 

interest to the energy harvesting community, in general, as well as the WSN community, in particular. 

In this work, we design, test, and analyze the application of the recently-developed thermal resonator 

concept[22] in a harsh desert environment for persistent energy harvesting from diurnal temperature 

fluctuations. Thermal resonator is a thermal circuit tuned in terms of geometry and material properties to 

a particular temperature fluctuation frequency, in order to optimally convert the uniform temporal 

fluctuation in the environment into a spatial gradient within the device and, ultimately, to electrical power 

using a heat engine of some type[22]. It is distinct from traditional, static thermal energy harvesting using 

thermoelectric modules[13, 27], which rely on the presence of an obvious heat source or sink. It is also 

distinct from traditional transient thermal energy harvesting using pyroelectric materials[21, 27] due to its 

ability to be tuned to a particular temperature fluctuation frequency, which allows for the device to 

typically outperform pyroelectric materials[22]. The device is more similar in nature to recent efforts to 

harvest from temperature fluctuations using a thermoelectric module[28-37]; however, it differs in that a 

thermal resonator is tuned in terms of its geometry and thermal properties – namely thermal effusivity 

(Eq. (1)) – to maximize its power output from a given fluctuating input temperature profile[22]. Thermal 

effusivity is a measure of a material’s ability to transfer heat with its surroundings. High thermal 

effusivity materials are characterized by high values (intrinsic) of thermal conductivity and heat capacity, 

or, in the case of a phase change material in vicinity to its phase transition temperature, latent heat. High 

thermal effusivity materials in previous thermal resonator designs consist of a highly thermally 

conductive and highly porous matrix impregnated with an ambient phase change material for enhanced 

heat storage capabilities under dynamic ambient conditions. 

This study represents one of the first examples of designing and engineering a thermal resonator device 

customized for a particular environment, demonstrating practical utility of this technology. Not only have 



we reached energy parameters an order of magnitude higher than previous generations of devices, an 

improved heat transfer model was also constructed to better predict and optimize future device 

performance. The motivation for applying this energy harvesting technology in a desert environment is 

two-fold: 1) The desert is characterized by large and highly consistent temperature fluctuations and 2) the 

existence of energy harvesting techniques able to withstand the high temperatures, solar fluxes, and 

sandstorms characteristic of desert environments is lacking. We specifically develop a high thermal 

effusivity material system and optimally design the transient thermal energy harvesting device for 

operation in a desert environment according to our recently developed analytical theory[22]. We test the 

device over an approximately two-week period in Saudi Arabia (22.3095o N, 39.1047o E), and we 

analyze, and account for, the discrepancies between the device’s performance and the previous analytical 

model through the development of a numerical model that accounts for additional modes of heat transfer 

that are neglected in the analytical model. 

2. Thermal Resonator Design and Material Fabrication 

A general schematic for a thermal resonance device is shown in Fig. 1a. The device consists of two 

thermal masses (1 and 2), which transform spatially uniform temperature fluctuations ������� of a thermal 

bath into a spatial temperature difference (∆�) across a heat engine for power extraction (P)[22]. The 

specific thermal resonators considered in this work are enabled by high thermal effusivity ambient phase 

change materials (PCMs), which optimize the time-averaged power output of thermal resonators, as 

shown in previous work[22]. For a phase change material existing in an environment with fluctuating 

temperatures centered about the phase transition temperature, the effective thermal effusivity (eeff) is 

given by Eq. (1)[22]. 

                                                      ��

 = ���ℎ,                                                                           (1) 

where � is the thermal conductivity, � is the density, and ℎ is the latent heat per mass (SI Section 1). 



The operation of our thermal resonator device is shown schematically in Figs. 1b and 1c. For these 

devices, thermal mass 1 is designated the dominant thermal mass and is characterized by a high thermal 

effusivity ambient phase change material, while thermal mass 2 is characterized by low thermal resistance 

and small thermal diffusion time scale, equilibrating rapidly with the environment. For simplicity, the 

temperature is assumed to oscillate between hot (TH) and cold (TC), and the PCM is characterized by a 

phase transition temperature (T*) close to the median of the temperature fluctuations. The heat engine of 

choice used for power extraction in our device is a thermoelectric module. Fig. 1b demonstrates the 

device’s operation when the ambient temperature surrounding the device is above the phase transition 

temperature. In this case, thermal mass 2 rapidly equilibrates to the ambient temperature, while thermal 

mass 1 exhibits a temporal lag by design and persists mainly at the phase transition temperature of the 

PCM. Similar operation applies to the device when the ambient temperature surrounding the device is 

below the phase transition temperature (Fig. 1c). Through the oscillation cycle, the resultant spatial 

temperature difference is translated into electrical power using a thermoelectric heat engine. Temperature 

and voltage data for a previously reported ambient thermal resonator tested in Cambridge, MA, USA is 

shown in Fig. 1d to demonstrate the device’s performance in a given environment with a particular high 

thermal effusivity phase change materials. 



 

Fig. 1: (a) A general schematic of a thermal resonator that consists of two thermal masses (1 and 2) 

interfaced with a generic heat engine. The thermal resonator is enclosed within the dashed box and 

converts the ambient temperature fluctuations (�����) into a spatial temperature difference (∆�) for power 

extraction (P). (b, c) Schematics demonstrating the operation of the thermal resonators considered in this 

work, which consist of a high thermal effusivity material (1) and a material with low thermal resistance 

(2) interfaced with a thermoelectric heat engine (TE). Thermal mass 2 quickly responds and adopts the 

ambient temperature (b, hot, TH; c, cold, TC), while thermal mass 1 exists primarily at its phase transition 

temperature (T*), which by design occurs at the median temperature of oscillations. (d) Closed circuit 

voltage generation (red) of a previously reported ambient thermal resonator when subjected to diurnal 

temperature fluctuations (blue) outdoors in Cambridge, MA, USA over the course of a couple of 

weeks[22]. The phase transition temperature (T*) of the device’s high effusivity phase change material is 

indicated with the black dashed line. 



We proposed an analytical model in previous work[22] to predict the time-averaged power output density 

per area (����) of a certain thermal resonator design for a particular environment characterized by 

sinusoidal temperature fluctuations: 

                                                 ���� ≈ �	��	��	√�	�,                                                                 (2) 

where η is the thermal to electrical conversion efficiency of the thermoelectric heat engine (SI Section 2), 

�� is the standard thermal effusivity of thermal mass 1 (SI Section 1), �� is the amplitude of temperature 

fluctuations, � is the angular frequency of temperature fluctuations, and Q is a tuning factor computed in 

our previous work[22] that is a function of the frequency of temperature oscillations and the thermal 

diffusion time scale of thermal mass 1 (SI Section 2). 

In order to apply Eq. (2) to the rational design of a thermal resonator for a particular environment, the 

frequency and amplitude of temperature fluctuations should be measured. We probed the temperature 

fluctuating environment in proximity to Jeddah, Saudi Arabia via direct measurements at King Abdullah 

University of Science & Technology (KAUST) in Thuwal, Saudi Arabia (Fig. 2a and Fig. S4) (methods), 

and we also obtained air temperature records from King Abdulaziz International Airport in Jeddah, Saudi 

Arabia for the same time period (Fig. 2b) [35]. The latter historical temperature fluctuation data support 

that these temperature fluctuations are quite consistent in temperature amplitude and mean temperature 

throughout the year (SI Section 3, Fig. S3) [35]. The mean fluctuating temperature (Fig. 2a, ~37 oC; Fig. 

2b, ~32 oC) and amplitude (Fig. 2a, ~10 oC; Fig. 2b, ~3 oC) differ between the two data sets, and this 

discrepancy is attributed to radiative effects on the temperature sensor used in Fig. 2a (SI Section 3). The 

magnitude of the solar radiative effects is analyzed and confirmed to be within reason in SI Section 8. 

However, these results do provide useful bounds (upper, Fig. 2a; lower, Fig. 2b) for a thermal resonator 

constructed to operate in this environment, as will be discussed throughout the manuscript. A dashed line 

is incorporated into Figs. 2a and 2b to indicate the phase transition (T* = 35 oC) of a suitable high 

effusivity PCM for thermal resonator design. This temperature is chosen because it is an average of the 



two median temperatures for the upper (~37 oC) and lower (~32 oC) bounds. Fast Fourier Transforms 

(FFTs) of the data in Figs. 2a and 2b are provided in Figs. 2c and 2d, respectively. FFTs indicate that the 

dominant frequency of temperature fluctuations corresponds to the diurnal frequency, as anticipated.  

 

Fig. 2: (a) Temperature fluctuations measured on-site at King Abdullah University of Science and 

Technology (KAUST) in Thuwal, Saudi Arabia from May 6th to May 8th 2016 (methods, Fig. S4). (b) 

Historical air temperature fluctuations in Jeddah, Saudi Arabia from May 1st to May 10th 2016, as reported 

by King Abdulaziz International Airport [35]. The dashed box indicates the time span corresponding to 

the data in (a). The dashed lines indicate a suitable phase transition temperature for a high thermal 

effusivity PCM to incorporate into the thermal resonator design. (c) A Fast Fourier Transformation (FFT) 

of the data in (a). (d) An FFT of the data in (b). The dominant temperature fluctuation frequency for the 

diurnal cycle is indicated. The FFTs of the data sets (data collected at a frequency of 1 Hz) are obtained 

via MATLAB.  

A high thermal effusivity PCM composed of eicosane (E) [36] (T* = 36 oC; h = 250 J g-1) vacuum 

impregnated within a highly porous and highly thermally conducting nickel matrix (Ni/E) was fabricated 



specifically for application in the desert environment (Figs. 3a and 3b; methods). Eicosane was chosen 

due to its phase transition temperature matching with the desired temperature described in Fig. 2, as well 

as due to its high heat storage capabilities. The effective thermal effusivity of the material was determined 

by measuring the latent heat (Fig. 3c), density, and thermal conductivity (Fig. 3d) and calculated 

according to Eq. (1) (methods). The thermal effusivity and thermal conductivity of pure eicosane 

compared with Ni/E are shown in Fig. 3d. The thermal effusivity of the composite is comparable with 

previous values used for thermal resonators in the literature[22], and the values of thermal conductivity 

and thermal effusivity measured for E and Ni/E match very well with literature (E) and theoretical 

predictions (Ni/E) (SI Section 5). 

 

Fig. 3: (a) A photograph of the fabricated Ni/E high thermal effusivity material. (b) An optical 

microscope image of the fabricated Ni/E high thermal effusivity material (methods), the lighter regions 

are nickel and the darker regions are eicosane. (c) Differential Scanning Calorimetry (DSC) data for the 



Ni/E high effusivity material (methods). Tm is the melting temperature, Ts is the solidification 

temperature, and h is the latent heat. (d) Effective thermal effusivity (units: J cm-3/2 (m s K)-1/2 ) as a 

function of thermal conductivity for E and Ni/E, as determined from experiment (triangle) and 

theory/literature (circle) (methods). 

We have further used the dominant, diurnal angular frequency of temperature oscillations verified in Figs. 

2c and 2d (7.3	 × 10$%	rad	s$�)	and the material properties from Fig. 3d to calculate the ideal length 

scales for the optimal power performance of a Ni/E device operating in the desert (SI section 2) according 

to analytical theory (Eq. (2)). The ideal dimensions for a Ni/E thermal resonator operating in the 

temperature oscillation frequencies shown in Figs. 2a and 2b (upper and lower bounds, respectively) are 

16.8 cm and 9.2 cm, respectively. The time-averaged power densities of ideal devices constructed for, and 

operating under, these conditions are shown in Fig. 4. Analytical theory (Eq. (2)) predicts a time-averaged 

aerial power density of 64.6 μW	cm$. and 10.7 μW	cm$. for these devices, respectively. For 

comparison, ideal devices based on incorporating pure eicosane demonstrate lower power outputs of 33.2 

μW	cm$. (ideal length 8.2 cm) and 5.5 μW	cm$. (ideal length 4.5 cm) are also shown for the upper and 

lower bounds, respectively (SI Section 2).  

The larger thermal resonance devices apparently do not produce more power (Fig. 4c), contrary to what 

one may intuitively expect. Rather, the power decreases when the size is increased beyond the optimal. 

This is due to the inability of the larger thermal mass to completely undergo its phase transition, which 

decreases the heat engine output. Larger aerial power density can be achieved either by stacking several 

devices, which is associated with the costs of additional thermoelectric heat engines, or by fabricating 

devices with a higher effusivity material, Eq. (1). The latter also leads to a larger optimal length, as given 

by Eq. (S8). This once more highlights that the development of a material with high thermal effusivity is 

paramount to the scalability and power optimization of thermal resonance devices. Interestingly, the time-

averaged volumetric power density of the ideally-tuned Ni/E devices (upper, 3.8 μW	cm$/; lower, 0.64 

μW	cm$/) and E devices (upper, 3.6 μW	cm$/; lower, 0.6 μW	cm$/) are quite similar, as they are both 



limited by the volumetric energy storage density of the phase change material (�ℎ�/12 hrs) – material 

entirely changes phase twice over the course of a full day.  

 

Fig. 4: Time-averaged power density as a function of the thermophysical system parameters for Ni/E and 

E thermal resonators. Contour maps are generated using the thermal resonator analytical model (Eq. (2); 

SI Section 2) and assume a temperature fluctuation amplitude of 10 oC (a) or 3 oC (b), corresponding to 

the data in Fig. 2a and Fig. 2b, respectively. E and Ni/E resonators, which are ideally-tuned according to 

analytical theory (Eq. (2)), are indicated by diamond and star, respectively. (c) Line plots of the time-

averaged power density of Ni/E (red) and E (blue) thermal resonators as a function of the length of 

thermal mass 1 (L1) assuming a temperature fluctuation amplitude of 3 oC. The ideal length (Lid) is 

indicated by the arrows for each material and is proportional to the square root of the thermal diffusivity 

of thermal mass 1, as given by Eqs. (S1) and (S8). 



3. Thermal Resonator Testing and Results 

A Ni/E thermal resonator was constructed, as shown schematically in Figs. 5a and S7. The length of Ni/E 

(L1 = 15.2 cm) was specifically chosen to target the diurnal frequency of temperature oscillations in the 

desert environment (Fig. 2) by matching the thermal diffusion time scale (Eq. (S1)) with the frequency of 

temperature oscillations (SI Section 2). Specifically, the environment in Fig. 2a is chosen for device 

design (Lid = 16.8 cm) despite the additional measurements in Fig. 2b (Lid = 9.2 cm). This choice of 

environment for design is rationalized by the results in Fig. 4c: it is preferable to err on the larger device 

size due to the plateau in performance with respect to length. This length scale slightly differs from the 

ideal predicted dimension for the upper bound (L1 = 16.8 cm) due to material availability for the 

fabrication of the polyvinylchloride (PVC) encasement (Fig. 5a). The device consists of four Bi2Te3 

commercial thermoelectrics (4.0 cm x 4.0 cm) wired in series sandwiched between an aluminium heat 

exchanger (0. = 2.5	cm, 14	cm	x	14	cm) and the Ni/E composite encased in a hollow PVC cylinder 

(0� = 15.2	cm, diameter = 15.2	cm) (methods). A photograph of the constructed device is shown in 

Fig. 5b at the testing location outdoors in Thuwal, Saudi Arabia. The device was impedance matched to a 

100 Ω resistor (SI section 6), and both the device’s performance and the ambient temperature profile (Fig. 

S4) were monitored using a data acquisition board interfaced with a laptop over a period of approximately 

13 days (May 8th – May 20th 2017) (methods). The results for the measured ambient temperature profile, 

closed circuit voltage, and power are provided in Figs. 6a, 6c, and 6d, respectively. The air temperature 

profile as measured by the nearby King Abdulaziz International Airport in Jeddah, Saudi Arabia is also 

provided in Fig. 6b [35]. 



 

Fig. 5: (a) A schematic of the Ni/E thermal resonator tested on-site at KAUST in Thuwal, Saudi Arabia. 

(b) Photograph of the Ni/E thermal resonator shown in (a). The thermal resonator is impedance matched 

(SI Section 6) to a 100 Ω resistor, and its performance, as well as the ambient environment, are monitored 

using a data acquisition board (methods). 

The temperature fluctuation data measured with the data acquisition board and obtained from the nearby 

international airport between May 8th and May 20th 2017 closely resemble the data in Fig. 2, in terms of 

mean temperature and amplitude. This is an important aspect because the thermal resonator was designed 

based on the data in Fig. 2; therefore, we desire for the testing environment to be similar for optimal 

device performance. The maximum power, time-averaged power, maximum power density, and time-

averaged power density of the thermal resonator over the 13 day period are 1.95 mW, 200 μW, 30.5 

μW	cm$., and 3.1 μW	cm$., respectively. The total energy harvested during this time frame was 212 J, 

and the maximum volumetric power density is 1.7 μW	cm$/. The predicted time-averaged power 

densities of the ideally-tuned thermal resonators according to the analytical models generated by Eq. (2) 

(Fig. 4a, TA = 10 oC, 64.6 μW	cm$.; Fig. 4b, TA = 3 oC, 10.7 μW	cm$.) differ significantly from the 

measured output of the device. Moreover, comparison of the experimental time-averaged power output 

(0.6 μW	cm$.) of a different device previously tested in Cambridge, MA, USA[22] with the analytical 

model prediction (Eq. (2)) based on measured temperature fluctuations (TA = 10 oC, 87 μW	cm$.)  and 



historical air temperature fluctuation data (TA = 4 oC, 22 μW	cm$.)[22, 38] show significant discrepancies 

as well. A numerical model that explicitly considers the thermal coupling between thermal masses 1, 2, 

and the thermoelectric module is developed in this work to investigate the discrepancies for both thermal 

resonators in both environments, as discussed in the following section. The model invokes Robin 

boundary conditions at the interfaces of the thermal masses with the thermoelectric heat engine. In 

contrast, the analytical model (Eq. (2)) considered no heat flux Dirichlet boundary conditions. 

Furthermore, the effects of convective heat transfer are also investigated. 

 

Fig. 6: (a) Temperature fluctuations measured on-site at King Abdullah University of Science and 

Technology (KAUST) in Thuwal, Saudi Arabia from May 8th – May 20th 2017, to which the thermal 

resonator shown in Fig. 5a was exposed (methods). (b) Historical air temperature fluctuations in Jeddah, 

Saudi Arabia from May 8th to May 20th 2017, as reported by King Abdulaziz International Airport, for 

comparison to the temperature fluctuations measured in (a) [35]. (c) Closed circuit voltage measurements 



for the thermal resonator in Fig. 5 when exposed to the temperature fluctuations in (a) and (b). (d) Power 

output for the thermal resonator in Fig. 5 when exposed to the temperature fluctuations in (a) and (b). 

4. Numerical Analysis of Thermal Resonator Performance 

Consider the thermal circuit depicted in Fig. 1a, where the ambient thermal environment is taken to be a 

time varying source term ������(9)�, represented as a Fourier series:  

                                 �����(9) = �: + �< ∑ (>? cos(�9A) + B? sin(�9A))D?E� ,                                     (3) 

where T0 is the median temperature, TA is the amplitude of temperature fluctuations, � is the angular 

frequency of temperature fluctuations, and t is time. 

For simplicity, we consider the case where the environment contains a single, dominant temperature 

waveform described by: 

�����(9) = �: + �<sin	(�9).                                                              (4) 

4.1 Neglecting Convective Heat Transfer 

In one scenario, where we neglect the effects of convective heat transfer, we treat both thermal masses on 

either side of the heat engine (Fig. 1a) as 1D linear systems subject to diffusive heat transfer: 

FGH
FI = JK F

LGH
FMHL

,  for i = 1 or 2,                                                           (5) 

where Ti is the temperature of mass i, JK is the thermal diffusivity of mass i, and xi is the spatial 

dimension of mass i. For the device used in this work, thermal mass 1 is the high effusivity composite 

Ni/E, and mass 2 is a heat fin, as shown in Fig. 7a, b. 

Eq. (5) completely describes the diffusion of heat for the non-phase change materials in our thermal 

resonance system. However, to model the high effusivity PCMs in our system, the following assumptions 

are made to apply Eq. (5) with the thermal diffusivity being given by Eq. (S1): thermal fluctuations exist 



around the phase transition temperature and within the melting range of the PCM and thermal diffusion 

occurs due to the movement of the phase change boundary (SI section 1)[22]. 

The external boundaries of the thermal masses are subject to the time varying boundary condition in Eq. 

(6). 

�K(NK = 0) = �����(9), for i = 1 or 2,                                                      (6) 

where xi = 0 refers to the interface of mass i with the ambient environment. 

The boundary conditions at the interfaces of the thermal masses with the thermoelectric heat engine[39-

41] (xi = Li, where Li is the length of thermal mass i), are dependent on the direction of the temperature 

gradient across the heat engine. If ��(N� = 0�) > �.(N. = 0.), the boundary conditions are given by Eqs. 

(7) and (8), where we assume a steady state has been achieved across the thermoelectric heat engine (this 

assumption is justified in SI Section 7 based on calculations of the thermal diffusion time scales for the 

elements in our system).                    

−�� FGQ
FMQ

R
MQESQ

= GQ(MQESQ)$GL(MLESL)
TUV

,                                                   (7) 

�. FGL
FML

R
MLESL

= GQ(MQESQ)$GL(MLESL)
TUV

(1 − �),                                              (8) 

where ki is the thermal conductivity of mass i, RTE is the thermal resistance of the thermoelectric heat 

engine, and η is the thermodynamic efficiency of the heat engine, or thermoelectric in this case, which is 

defined by Eq. (9). 

                                                              � = W1 − GX
GY
Z √�[\G$�
√�[\G[GX/GY

,                                                      (9) 

where TC is the cold reservoir temperature (T2(x2 = L2) in this case), TH is the hot reservoir temperature 

(T1(x1 = L1) in this case), and ZT is the thermoelectric figure of merit, which is assumed to be 1 for the 

standard, commercial Bi2Te3 thermoelectrics used in this work. It should be noted that thermoelectric heat 



engine efficiency is a major limitation in thermal resonator power output. For perspective, a 

thermoelectric module with a ZT equal to 1 and subject to a 10 oC temperature difference at ambient 

conditions corresponds to an efficiency of 0.6 %. 

On the other hand, if �.(N. = 0.) > ��(N� = 0�) the boundary conditions are given by Eqs. (10) and 

(11). 

−�. FGL
FML

R
MLESL

= GL(MLESL)$GQ(MQESQ)
TUV

.                                                    (10) 

�� FGQ
FMQ

R
MQESQ

= GL(MLESL)$GQ(MQESQ)
TUV

(1 − �).                                                (11) 

In the case that the temperatures across the heat engine are identical, the heat flux is zero.  

Here, we neglect the effect of interfacial thermal resistance between the thermal masses and heat engine 

for simplicity; however, the supporting information considers the effect of interfacial thermal resistance 

on device performance (Fig. S12).  

The aerial power density (p) profile is calculated with Eq. (12) below.  

� = |GL(MLESL)$GQ(MQESQ)|
TUV

�.                                                      (12) 

In the definitions of the heat flux boundary conditions and the equation for the aerial power density (Eq. 

(12)), Fourier conduction is assumed to be dominant, and Peltier and Joule heating are neglected in the 

thermoelectric module. The supplementary information provides an order of magnitude analysis to justify 

this assumption (SI Section 7). 

The numerical model described above, Eqs. (4-12), is solved with the method of lines assuming thermal 

properties for a typical commercial thermoelectric heat engine (RTE = 0.008 m2 K W-1, SI section 7). In 

addition, the thermal diffusion time scale for thermal mass 2 is assumed to be three orders of magnitude 

smaller than that of thermal mass 1 (this assumption is justified in SI Section 7 based on estimates of the 



thermal diffusion time scales of the two masses in our system), in order to ensure that thermal mass 2 

quickly equilibrates to the ambient environment. Additional modelling details and the modelling code are 

referenced in SI section 7. The time-averaged power output as the thermal resistance and capacitance of 

thermal mass 1 is varied for a diurnal thermal resonator in the desert environment (TA = 3 oC) is shown in 

Fig. 7c. The numerical model predicts a time-averaged power output of 5.0 μW	cm$. for a Ni/E device 

ideally-tuned according to analytical theory (Eq. (2)) under these conditions and 22.6 μW	cm$. for a 

temperature oscillation amplitude of TA = 10 oC (Fig. S10). Considering the actual desert device design, 

the numerical model predicts a time-averaged power output of 3.9 μW	cm$. and 22.3 μW	cm$. for the 

lower and upper bounds of temperature fluctuations, respectively. We note that the analytical model (Eq. 

(2)) for the thermal resonator captures the qualitative behaviour resulting from device design quite 

well[22], while the numerical model developed in this work both captures the trends and more accurately 

predicts the power outputs. 

4.2 Considering Convective Heat Transfer 

We also consider the effects of convective heat transfer of the device with the environment in order to 

investigate any heat flux limitations the heat fin and boundaries of the device may impose on device 

performance. With this in mind, we model thermal mass 1 with Eq. (5) and the external boundary 

condition is given by Eq. (13). 

−�� FGQ
FMQ

R
MQE:

= ℎ_�(�����(9) − ��(N� = 0)),                                              (13) 

where ℎ_� is the convective heat transfer coefficient of mass 1, which is assumed to be 10 W m-2 K-1 for 

natural convection in air (SI Section 7). The Nusselt number (Nu = hL/k) at this boundary is close to 1, 

according to the dimension (L = 15.2 cm) and thermal conductivity (k = 1.79 W m-1 K-1) of Ni/E 

composite. Hence, the convective and conductive thermal resistance are comparable, and are both 

responsible for determining the interfacial temperature and flux.   



We model thermal mass 2 as an isothermal heat fin (Fig. 5) (this assumption is justified in SI Section 7 by 

calculating the thermal diffusion time scales for the elements in our system) characterized by a particular 

heat transfer coefficient with the external boundary condition:  

à = ℎ_.(�����(9) − �a),                                                              (14) 

where Js is the heat flux at the boundary of heat sink with the environment (heat flux into the heat sink is 

considered positive), Ts is the temperature of the heat sink, and ℎ_. is the convective heat transfer 

coefficient of the heat sink, which is estimated to be 250 W m-2 K-1 based on the geometry and material 

properties for the heat sink employed in our device (SI Section 7). Heat transfer is significantly enhanced 

by the heat fin mainly due to its 25 times larger surface area compared to a bare plane. However, the 

Nusselt number (Nu = 0.026) at this boundary is still much less than 1, because of the small thickness (L 

= 2.5 cm) and high thermal conductivity (k = 237 W m-1 K-1) of aluminium heat fin. Therefore, heat 

transfer is limited by convection, and the heat fin can be assumed as isothermal because of the negligible 

thermal resistance from conduction. 

For the boundary conditions at the interfaces of the thermal masses with the thermoelectric heat engine, 

we now have the following equations: 

If ��(N� = 0�) > �a, 

−�� FGQ
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R
MQESQ

= GQ(MQESQ)$Gb
TUV

,                                                    (15) 

− à = GQ(MQESQ)$Gb
TUV

(1 − �).                                                       (16) 

On the other hand, if �a > ��(N� = 0�), 

à = Gb$GQ(MQESQ)
TUV

,                                                              (17) 
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(1 − �).                                                (18) 

In the case that the temperatures across the heat engine are identical, the heat flux is zero.  

The aerial power density (p) profile is again calculated with Eq. (12), and again, the effects of Joule and 

Peltier heating are neglected in Eq. 18 and the boundary conditions in Eqs. (15-18). 

The numerical model considering convective heat transfer is also solved with the method of lines 

assuming thermal properties for a typical commercial thermoelectric heat engine (RTE = 0.008 m2 K W-1, 

SI section 7). Additional modelling details and code are referenced in SI section 7. The time-averaged 

power output as the thermal resistance and capacitance of thermal mass 1 is varied for a diurnal desert 

thermal resonator (TA = 3 oC) is shown in Fig. 7d. The numerical model predicts a time-averaged power 

output of 3.3 μW	cm$. for a Ni/E device ideally-tuned according to analytical theory (Eq. (2)) under 

these conditions and 16.6 μW	cm$. for a temperature oscillation amplitude of TA = 10 oC (Fig. S11). 

Considering the actual device design, the numerical model predicts a time-averaged power output of 3.0 

μW	cm$. and 17.2 μW	cm$. for the lower and upper bounds of temperature fluctuations, respectively. 

The experimental results and theoretical predication of power density for thermal resonators are 

summarized in Table 1. For a comparison with a previous device tested in Cambridge, MA, USA[22], the 

numerical model predicts a time-averaged power output of 8.2 μW	cm$. and 22.1 μW	cm$. for the 

actual device tested. Both numerical models – considering and neglecting convection – more accurately 

predict the device power outputs as compared with the analytical model (Eq. (2)) for the device tested in 

the desert. Furthermore, the numerical models suggest that convective heat transfer limitations have an 

appreciable effect (~30% reduction) on device performance. We also note that the thermal resistance of 

the heat engine is an important parameter to consider (Fig. S12), and the presence of significant interfacial 

thermal resistances between the heat engine and thermal masses can result in suboptimal device 

performance. On the other hand, the numerical model does not as successfully predict the power output of 

the previously-tested device in Cambridge, MA, USA. We attribute this to the temperature fluctuations in 



Cambridge, MA, USA[22] having more variance in the diurnal frequency distribution as compared with 

the temperature variations measured in Saudi Arabia (Fig. S13, SI Section 8). Overall, these numerical 

models will provide a reliable engineering approach to the development of diurnal thermal resonators 

moving forward, especially in a harsh desert environment, to achieve certain power specifications for 

particular environments and applications. Applying these models to further improve device design will be 

a major focus of future efforts, along with further enhancements in materials’ thermal effusivity through 

porosity engineering.  

 

Fig. 7: Schematics of numerical model and contour maps of the time-averaged power density as a 

function of the thermal resistance and thermal capacitance of thermal mass 1. The schematic diagrams of 

the one-dimensional model with (a) and without (b) convective heat transfer show the coordinate system, 

device configuration, and temperature profile during daytime. Both contour maps are generated using the 

thermal resonator numerical model in the absence of convection (c, Eqs. (4-12)) and in the presence of 

convection (d, Eqs. (13-18)) for a temperature fluctuation amplitude of 3 oC, corresponding to the data in 

Fig. 6b. Ideally-tuned E and Ni/E resonators according to the analytical model (Eq. (2)), are indicated by 



diamond and star, respectively. Stars on color bar indicate the experimentally observed time-averaged 

power output density of our Ni/E thermal resonator.  

Table 1: Summary of average output power density of thermal resonators from experimental results and 

theoretical prediciton. The length of devices are 17.7 cm and 10.1 cm for Saudi Arabia and Cambridge, 

repectively (including the length of heat fin: 2.5 cm). The upper and lower bounds in the model prediciton 

correspond to TA = 10 oC and 3 oC for Saudi Arabia. For Cambridge, the upper bound is the same, 

whereas the lower bound uses TA = 4 oC. 

Testing Condition 
 Average Output Power Density 

 Areal (μW	cm$.) Volumetric (μW	cm$/) 

Thuwal, 

Saudi Arabia 

Experiment 3.1 0.17 

Analytical Model 10.7 – 64.6 0.6  – 3.6 

Numerical Model 
(no convection) 

3.9 – 22.3 0.22 – 1.3 

Numerical Model 
(with convection) 

3.0 – 17.2 0.17 – 0.97 

Cambridge, MA, 
USA 

Experiment 0.6 0.06 

Analytical Model 22 – 87 2.2 – 8.7 

Numerical Model 
(with convection) 

8.2 – 22.1 0.82 – 2.2 

 

5. Current versus Future Potential for the Thermal Resonator 

Currently, our thermal resonance devices are operating at experimental time-averaged aerial and 

volumetric power densities of 3.1 μW	cm$. and 0.2 μW	cm$/, respectively. There is potential to increase 

both of these average power metrics by device optimization and material science. The time-averaged 

volumetric power density �����,c��d � is bounded by the volumetric energy storage density of the phase 

change material and heat engine efficiency in converting this to electricity, according to Eq. (19): 



����,c��d = efg
∆I ,                                                                     (19) 

where � is the density of the PCM composite, h is the mass-specific latent heat of the PCM composite, η 

is the efficiency of the heat engine, and ∆9, in this case, is 12 hours – the material entirely changes phase 

twice over the course of a full day. 

This equation predicts that improvement to the volumetric power density can be achieved by increasing 

the volumetric energy density of the phase change material. Also, one can identify environments where 

the amplitude of temperature fluctuations are maximized (η is proportional to the temperature difference 

[33]). This motivates the current work focused on the desert environment. Increasing the figure of merit 

of the thermoelectric heat engine can also increase this volumetric power density.  

The aerial power density can be enhanced via these three factors as well, and also the thermal effusivity 

of the dominant thermal mass is critical. Maximizing the thermal effusivity of the dominant mass allows 

one to maximize the aerial power density for a given area of thermoelectric heat engines. We consider 

four cases (individual modifications to the resonator and a final case employing all modifications 

simultaneously) to analyze the enhancements in power density that we can attain for our thermal 

resonance devices using our computational model considering convective heat transfer (SI Section 10). 

The control case is a Ni/E thermal resonator subject to the conditions of the resonators in this work (pavg = 

3.3 μW	cm$. & 0.35 μW	cm$/). Case 1 considers that the thermal resonator is capable of absorbing and 

emitting solar radiation as an ideal black body, which has been estimated [34] to signficantly amplify the 

amplitude of temperature fluctuation (45 oC) (pavg = 105.2 μW	cm$. & 2.96 μW	cm$/). Case 2 considers 

a two-fold enhancement in the thermoelectric heat engine’s figure of merit (pavg = 5.1 μW	cm$. & 0.55 

μW	cm$/). Case 3 considers employing a higher thermal effusivity material based on the composite of 

50% porosity copper foam infused with eicosane (pavg = 11.2 μW	cm$. & 0.09 μW	cm$/). Lastly, Case 4 

considers the performance of the device when the individual modifications in Cases 1-3 are made 

simultaneously (pavg = 1.9 mW	cm$. & 4.1 μW	cm$/). As can be seen from the preliminary calculations, 



enhancements in the power output through engineering the device as an ideal black body has the highest 

impact, due to its influence upon both heat flux entering/exiting the device and the heat engine efficiency. 

Enhancing the thermal effusivity strongly influences the aerial power density, as anticipated, and 

improving the thermoelectric’s figure of merit boosts both volumetric and aerial power densities. All 

together, employing these modificaitons in tandem could result in an aerial power density on the order of 

solar cell power densities, as well as a factor of 10 improvement in the volumetric power density. We also 

note that the use of thermal diodes with high rectifiation ratio can increase both power metrics,[42] which 

will be the subject of future work. 

5. Conclusions 

In this work, we design, test, and analyze the performance of a thermal resonator, enabled by the 

development of a high thermal effusivity material that is specifically-designed for application in a harsh 

desert environment, for transient thermal energy harvesting from the diurnal temperature fluctuation 

cycle. The development of this form of energy harvesting modality is important, as it integrates 

synergistically into other types of energy technologies such as solar and wind. We develop and 

characterize a high thermal effusivity material consisting of a highly porous, high thermal conductivity 

nickel foam infused with the ambient phase change material, eicosane. Incorporating a high thermal 

effusivity material with an optimally calculated length scale into the thermal resonator design enables the 

maximization of device power output from a given diurnal input temperature fluctuation. The device is 

tested over an approximately two-week period in Saudi Arabia, and its time averaged power output is 

calculated to be 200 μW for 64 cm2 of heat engine area. The device is able to continually harvest energy 

from the heating cycles during the daytime (~2 mW) and the cooling cycles of the night time (~100 μW). 

This record high performance highlights the potential for these devices to be deployed in remote locations 

to power wireless sensor nodes or for other practical purposes. The experimental power output of the 

thermal resonator is compared with our previous analytical theory, which fails (within a factor of 3) to 

predict the power density of the device. We introduce modifications to our theory that account for 



convective heat transfer around the device and conductive heat losses across the thermoelectric heat 

engine. The modified numerical model is shown to more accurately predict the power output of the device 

and provides a reliable engineering approach for the further development of thermal resonators for target 

energy harvesting applications. These results show that thermal resonators offer a persistent, durable, and 

flexible energy harvesting scheme that may find considerable use in powering miniaturized electronics 

such as wireless sensor networks, even in harsh environmental conditions, and especially as 

thermoelectric performance is further enhanced and higher thermal effusivity materials are developed. 
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Methods 

Temperature Measurements: Data in Fig. 2a was measured using a Bluetooth-enabled temperature sensor 

from Sensirion from May 6th – 8th 2016 (Fig. S4).  

Fabrication of Ni/E: 

Pristine Ni foam substrate (porosity 95%, 80-110 PPI, thickness = 1.6 mm, MTI Corp.) was impregnated 

with pure eicosane (E; Sigma Aldrich). The samples were vacuum impregnated when exposed to molten 

E at approximately 60 ℃ in a vacuum oven at a gauge pressure of -30 inHg for two hours. Following 

impregnation, the samples were suspended and allowed to dry for two hours at ambient conditions. 

Note, for constructing thermal resonators, passive impregnation was used to form Ni/E. 



Microscopic Characterization: 

The structure of Ni/E was investigated with a Zeiss optical microscope with a 5X objective.  

Thermal Measurements: 

The thermal conductivity and latent heat of the materials were measured using the Transient Plane Source 

method (TPS 2500S from Hot Disk AB; at room temperature, � = 21	℃; Kapton 5501 sensor) and DSC 

(DSC Q100 from TA Instruments, 10 ℃ ↔ 60 ℃, 2 ℃ min-1), respectively. Refer to SI Section 4 for a 

more in-depth discussion of the Transient Plane Source method for measuring thermal conductivity. 

The parameters and sample dimensions used for measuring the thermal conductivity of the samples are as 

follows: 

E – standard method; 100 mW; 20 seconds; analyzed points 32-200; samples (thickness ~ 2 cm, cross-

section length ~ 5 cm and width ~ 5 cm) situated on either side of sensor; 1 sample with 5 measurements; 

measurements averaged and 95% confidence interval reported as the error. 

Ni/E – thin slab method; 100 mW; 10 seconds; analyzed points 40-100; samples (thickness = 1.6 mm, 

diameter = 6 cm ) situated on either side of sensor; 1 sample (Ni/E) with 5 measurements; measurements 

averaged and 95% confidence interval reported as the error. 

Raw thermal conductivity data for Ni/E are provided in Fig. S6. 

For the reported values of latent heat, one scan was performed for each sample. The total samples for each 

type of material are as follows: E (1) and Ni/E (4). For Ni/E, measurements averaged and 95% confidence 

interval reported as the error. 

Density Measurements: The densities of Ni/E and E were calculated using masses measured with a 

typical mass balance and volume measured with the water displacement method.  

Reduction to Practice of Thermal Resonator: 

A hollow PVC cylinder (0� = 15.2	cm, diameter = 15.2	cm)  – containing Ni/E - was chosen as 

thermal mass 1, and an aluminum heat exchanger (0. = 2.5	cm, 14	cm	x	14	cm) was chosen as thermal 

mass 2 (Fig. 5, Fig. S7). A lathe was used to fabricate the hollow PVC cylinder from a solid PVC cylinder 

with the same dimensions to a wall thickness of ~1 cm. Four 4.0 cm x 4.0 cm commercial Bi2Te3 



thermoelectrics (TEG2-126LDT from TECTEG MFR.) wired in series were chosen as the devices’ heat 

engines. Additional details regarding device fabrication are provided in SI Section 6. The thermolectrics 

were wired to a 100 j resistor (approximately impedance matched, SI Section 6), and the devices’ power 

output and ambient temperature profile were monitored using a DrDAQ data acquisition board (Pico 

Technology) in outdoor conditions on the campus of KAUST in Thuwal, Saudi Arabia over a period of 

approximately 13 days (May 8th – May 20th 2017). The devices were not in proximity to thermal sources.  
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